Magnetic resonance imaging (MRI) is essential for evaluating bone marrow. Bone marrow undergoes constant modification and its appearance on MRI changes in response. Knowledge of the types of changes and their origins is essential for analysis of MRI findings of bone marrow infiltration with hematological malignancies. This pictorial review describes the MRI pulse sequences used for imaging of bone marrow, and illustrates bone marrow changes due hematological malignancies, including changes following treatment.
M
agnetic resonance imaging (MRI) is the only imaging method that enables direct visualization of the bone marrow with high anatomical resolution and excellent soft tissue contrast. The MRI appearance of bone marrow depends on the amounts and proportions of yellow and red marrow, which change with age and environmental factors. Red marrow contains about 40% fat, 40% water, and 20% proteins, and a proportion of 60% hematopoietic cells to 40% fat cells (1) . Yellow marrow has a sparse vascular supply, and contains mainly fat (80%) and a small proportion of water (15%), with 95% fat cells. Conversion from red to yellow marrow is generally completed by 25-30 years of age. In adults, red marrow represents only half the marrow content and it is located predominantly in the axial skeleton and proximal limbs (2) .
MRI sequences used for bone marrow imaging T1-weighted imaging
T1-weighted spin-echo sequences are the most useful for evaluating bone marrow. Lipid protons have short T1 relaxation times, so the fatty marrow appears hyperintense on T1-weighted images, similar to subcutaneous fat. Red marrow has an intermediate T1 relaxation time, with a lower signal than subcutaneous fat, but a higher one than intervertebral disc or muscle (1) .
T2-weighted imaging with fat suppression
T2-weighted fast spin-echo sequences can also be used to evaluate bone marrow and are the sequences used most commonly in a clinical setting. Fat suppression is required to differentiate red and yellow marrow. On fat-suppressed T2-weighted fast spin-echo sequences, the signal intensity of red marrow is higher than that of yellow marrow (1), giving better bone marrow contrast than non-fat-suppressed sequences.
Short tau inversion recovery (STIR) sequence
This technique is used to cancel the fat signal of the marrow with a 180° inversion pulse and yields high tissue contrast. The STIR sequence generally produces more homogeneous fat suppression than T2-weighted fast spin-echo sequences, but the main drawback of this sequence is that it cancels every signal close to that of fat.
Gadolinium-enhanced T1-weighted imaging
Gadolinium-enhanced T1-weighted images might be helpful for detecting some marrow lesions. Gadolinium enhancement of the normal bone marrow in adults is generally imperceptible on T1-weighted spin-echo sequences and tends to decrease significantly with increasing age and conversion to yellow marrow (3).
Dynamic contrast-enhanced MRI
Strong enhancement in both routine and dynamic contrast studies is a normal finding in many pathological processes and is a nonspecific finding. Contrast-enhanced sequences have been used in patients with lymphoproliferative diseases to demonstrate diffuse marrow infiltration, as well as to evaluate the response to chemotherapy (4). However, dynamic imaging techniques have not yet found routine clinical application.
Diffusion-weighted imaging
A malignant mass will exhibit hyperintensity in both low (e.g., b=50) and high b values (e.g., b=800) diffusion-weighted images and have low apparent diffusion coefficient (ADC) values. The most important clinical application of diffusion-weighted imaging of bone marrow is differentiating a benign fracture and the surrounding reactive edema from a pathological fracture at the site of malignant infiltration ( Fig. 1 ) (5).
Chemical-shift imaging
On in-phase images, normal yellow and red marrow both appear hyperintense. On out-phase images, red marrow appears hypointense, while yellow marrow appears hyperintense (6) . Some non-neoplastic causes can mimic the findings of malignancy on out-of-phase MRI and require a biopsy for confirmation.
Proton MRI spectroscopy
This technique can quantify the reduction in fat in infiltrative lesions and the increase in fat content with age. However, the clinical use of this sequence has not been reported, likely because the same information can be obtained using other MRI sequences.
MRI of bone marrow infiltration in hematological malignancies
The thoracolumbar spine and pelvic girdle are the main sites of hematological malignancies. MRI findings are usually nonspecific, showing hypointensity on T1-and hyperintensity on T2-weighted images. This pattern of marrow involvement can also be found in non-neoplastic marrow disorders, such as inflammatory or metabolic diseases. In addition, profound red marrow reconversion might be difficult to differentiate from malignancy. The low specificity is the main limitation of this method, but MRI still plays an important role in the initial diagnosis of hematological malignancies and might help to determine the extent of the disease, guide a biopsy, assess the response to treatment, and provide a prognosis.
Lymphoma
The malignant lymphomas, Hodgkin's and non-Hodgkin's lymphoma, represent 3%-5% of all malignancies worldwide. By definition, bone marrow involvement found in 5%-15% of patients with Hodgkin's lymphoma and in 20%-40% of non-Hodgkin's lymphoma patients (7) indicates stage IV disease. This has both therapeutic and prognostic implications. In patients with malignant lymphoma (Fig.  2) , MRI is a sensitive method for detecting bone marrow involvement, which can be diffuse, focal, or located outside the iliac crest.
Lymphomatous lesions typically have longer T1 and T2 relaxation times than normal yellow and red marrow, demonstrating low signal intensity on T1-weighted and high signal intensity on fat-saturated T2-weighted or STIR sequences. Whole-body MRI has been used in patients with lymphoma to detect bone marrow metastases throughout the skeleton, particularly in children (8), and for complete staging of the lymphoma (9) . MRI is also useful Acute myelogenous leukemia in a 34-year-old female presenting with a recurrence of pancytopenia six months after a bone marrow transplant to treat myelodysplastic syndrome. The coronal STIR image (a) shows heterogeneous hyperintensity at the proximal femur (arrows), extending from the femoral neck to the subtrochanteric zone. These changes are consistent with an increase in red marrow in the proximal femur. Normal fatty marrow is seen as hypointense. The coronal T1-weighted spin-echo image (b) shows that the corresponding areas are hypointense (arrows). Normal fatty marrow is isointense to the subcutaneous fat. A bone marrow biopsy confirmed secondary acute myelogenous leukemia (M0).
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for guiding a blind bone marrow biopsy (10).
Leukemia
Leukemia includes a heterogeneous group of neoplasms that infiltrate bone marrow with mature or immature cells of the white blood cell lineage. In leukemia, bone marrow infiltration usually occurs diffusely, with a diffuse decrease in the marrow signal intensity on T1-weighted images (Figs.  3 and 4) . MRI is highly sensitive for detecting bone marrow infiltration, but its specificity is poor, leaving the diagnosis of leukemia to peripheral blood smears and bone marrow biopsy.
Myelodysplastic syndrome
Myelodysplastic syndrome is a chronic myeloproliferative disorder that can result from an abnormal proliferation of hematopoietic stem cells (idiopathic myelofibrosis) or be secondary to several malignant and nonmalignant diseases. Typically, MRI shows hypointensity on T1-and T2-weighted images in the late stage of fibrosis (Fig. 5) (11) .
Multiple myeloma
Multiple myeloma is the neoplastic proliferation of B lymphocytes with plasma cell differentiation. Multiple myeloma constitutes about 1% of all malignant diseases and about 10% of hematological malignancies (12) . On MRI, the bone marrow infiltration can show various patterns, ranging from normal to focal or diffuse, or a "saltand-pepper" appearance. Spinal compression fractures occur in 55%-70% of patients. In general, abnormalities are identified as hypointensities on T1-weighted images and hyperintensities on STIR images. Lin et al. (13) demonstrated that whole-body dynamic contrast-enhanced MRI can be 
Plasmacytoma
A bone marrow plasmacytoma is characterized by the presence of a single bone lesion or single extramedullary soft tissue mass, with an infiltrate of clonal plasma cells and absence of myeloma-type cells in the bone marrow. The most common sites in adults are the spine, pelvis, ribs, and femur. Plasmacytomas can occur in various locations. Studies have shown that the MRI findings correlate with treatment response and survival (14) .
Waldenström macroglobulinemia
Waldenström macroglobulinemia is a low-grade lymphoid malignancy that usually infiltrates the bone marrow, lymph nodes, and spleen with abnormal lymphoplasmacytoid cells. It is relatively rare, accounting for 1%-2% of all hematological malignancies (15) . This pathology presents with a diffuse pattern of bone marrow infiltration, as hypointensities on T1-weighted images and hyperintensities on STIR images, which are similar to multiple myeloma, but focal lesions are not identified (Fig. 8) .
Post-therapeutic changes
MRI plays an important role in evaluating the response to therapy (Figs. 6, 7, and 9) and for detecting benign bone marrow complications during irradiation or chemotherapy. Treatment usually causes local or generalized changes in the bone marrow signal intensity on MRI. Initially, the bone marrow develops edema, which appears hypointense on T1-weighted images and hyperintense on fat-saturated T2-weighted and STIR images. Ultimately, the bone marrow undergoes conversion to fat, which appears hyperintense on T1-weighted and hypointense on fat-saturated images (16) . The extent of the MRI signal changes in the bone marrow during and after irradiation is time-and dose-dependent (12) .
Conclusion
MRI plays an important role in the diagnosis, staging, and post-treatment follow-up of hematological malignancies. Due to the low specificity of MRI, the findings need to be correlated with the clinical examination, laboratory analysis, and histopathological study for a definitive diagnosis.
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